Live-cell flow cytometry is increasingly used among cell biologists to quantify biological processes in a living cell culture. This protocol describes a method whereby live-cell flow cytometry is extended upon to analyze the multiple functions of P2X7 receptor activation in real-time. Using a time module installed on a flow cytometer, live-cell functionality can be assessed and plotted over a given time period to explore the kinetics of calcium influx, transmembrane pore formation, and phagocytosis. This simple method is advantageous as all three canonical functions of the P2X7 receptor can be assessed using one machine, and the gathered data plotted over time provides information on the entire live-cell population rather than single-cell recordings often obtained using technically challenging patch-clamp methods. Calcium influx experiments use a calcium indicator dye, while P2X7 pore formation assays rely on ethidium bromide being allowed to pass through the transmembrane pore formed upon high agonist concentrations. Yellow-green (YG) latex beads are utilized to measure phagocytosis. Specific agonists and antagonists are applied to investigate the effects of P2X7 receptor activity. Individually, these methods can be modified to provide quantitative data on any number of calcium channels and purinergic and scavenger receptors. Taken together, they highlight how the use of real-time live-cell flow cytometry is a rapid, cost-effective, reproducible, and quantifiable method to investigate P2X7 receptor function.
Introduction
The study of purinergic signaling is broad and multifaceted, involving cellular physiology, biochemistry, and pharmacology. Purinergic signaling is involved in an infinite number of cellular and molecular processes, from cancer and cell cycle regulation to cell-cell communications and stem cell biology; as such, there often exists a potential to modulate purinergic signaling for a therapeutic benefit. Of the purinergic receptors, P2X7 receptor has received significant attention in recent years due to its potential as a therapeutic target for numerous inflammatory conditions 1 . Methods to study the receptor have evolved and been adapted over the years to facilitate this research 2, 3, 4, 5 . Here, we describe a live-cell flow cytometry method to investigate the multiple functions of P2X7 receptors in adult neural progenitor cells derived from the subventricular zone (SVZ) and the hippocampal dentate gyrus.
The P2X7 receptor was first described as the P2Z receptor, or the 'cell death' receptor, as its activation with high concentrations of adenosine triphosphate (ATP) results in the formation of a large transmembrane pore permeable to molecules up to 900 Da 13. Add culture medium up to 5 mL to neutralize the trypsin, and spin at 300 x g for 3 min. Wash a further 2x with HBSS and pass the medium through a 70 µm cell strainer to remove any tissue clumps. 14. Transfer all the cells in 15 mL of medium to a T75 cell culture flask.
NOTE: Spheres should form in the passage zero (P0) SVZ culture after 7-10 days and after 15-20 days in the hippocampal culture. Refrain from washing or feeding the cells during this time to maximize the number of neural progenitor cells in culture. If more progenitors are required, or to decrease the P0 incubation time, it is possible to increase the number of mice sacrificed. 15. Maintain cultures at 37 °C with 5% CO 2 and, following the initial P0 culture phase, passage every 7-10 days as necessary, using a biological safety cabinet and standard tissue culture practices. NOTE: The P0 hippocampal culture should generate enough spheres to passage into a T25 flask; the SVZ culture will generate many more spheres and can be passaged into a T75. If the P0 hippocampal spheres have adhered, use a 200 µL pipette to gently lift the sphere. 16. Passage the spheres when they reach 150 to 200 µm in diameter. Collect the spheres and medium in a 15 mL tube and allow the spheres to settle by gravity for approximately 5 min. Alternatively, spin at a low speed (100 x g) for 2 min. 17. Remove the medium and dissociate the cells with dissociation reagent for 7-10 min, depending on the size of the spheres.
NOTE: The dissociation reagent used will have significant effects on the outcome of the culture, so please refer to the . NOTE: This can be done by the researcher's preferred method (e.g., immunochemistry by microscopy, flow cytometry or western blot, or by using quantitative polymerase chain reaction (qPCR)). NOTE: These media were extensively optimized and are detailed in previous publications 4, 5 . 3. Prepare Stock ATP by weighing enough ATP powder for around 20 mL of a 100 mM stock. Dissolve the powder in 17 mL of KCl buffer (145 mM KCl, 5 mM KOH, and 10 mM HEPES, pH 7.5) and slowly, while stirring, add 2 mL of 18% (w/v) tetramethylammonium hydroxide (TMA) to the solution to bring the pH to 6.8-7.0. 4. Adjust the final volume to 20 mL. Do not overshoot the pH past 7.0. Store the stock at -80 °C; note that the ATP aliquots are stable for at least 6 months.
Preparation of a Single-cell Suspension for Analysis by Flow Cytometry

NOTE:
The free molecular weight of anhydrous ATP is 551.14 g/mol, and this does not include the molecular weight of the water and disodium molecules, which may vary from batch to batch and should be taken into consideration for the calculations. TMA is toxic, and care must be taken when handling. Read the safety data sheet and prepare the stocks in a fume cabinet. 5. Prepare stock BzATP by dissolving the BzATP in ultrapure H 2 O for a final stock concentration of 10 mM.
2. Create a single-cell suspension as described in steps 1.16 and 1.17. Count the cells using a hemocytometer or automatic cell counter.
Resuspend the cells in the required medium (e.g., Na + medium, culture medium) for the experiment being conducted (as described below) and place the cells on ice in the meantime. 
Measuring Calcium Influx by Live-cell flow Cytometry
1. Following the preparation of a single-cell suspension, resuspend the cells in 1 mL of calcium-free Na + medium and load them with 2 ng/mL of calcium indicator dye according to the manufacturer's protocol (refer to the Table of Materials) with 10 µL of 5% pluronic acid. Incubate the cells for 30 min at 37 °C. 2. Wash the cells by adding 3-5 mL of calcium-free Na + medium and centrifuging gently (200 x g for 4 min). Remove the supernatant and resuspend the cells in calcium-free Na + medium, washing a second time.
3. Resuspend the cells in 1 mL of calcium-free Na + medium, place them on ice, and allow them to de-esterify for 30 min. 
NOTE:
The number of FACS tubes per sample will depend on the number of treatments and repeats that are included. 5. Place the FACS tubes on ice until the cells are ready to be analyzed. Do not leave the cells on ice for an extended period but begin the assay as soon as possible. 6. For some samples, preincubate the cells with P2X7 receptor-specific inhibitor AZ10606120 (1 µM for 10-15 min) or A438079 (10 µM for 30 min) at 37 °C prior to analysis.
7. A few minutes prior to running the first sample, add CaCl 2 (to a final concentration of 1 mM in the FACS tube) and place the tube in a 37 °C water bath to recover. 8. Drop a clean, small magnetic stirrer into the FACS tube and position the tube in the time module linked to a circulating 37 °C water bath to control the sample temperature. Select a low stirring speed to ensure movement of the sample without introducing a vortex effect. Place the water jacket tube adapter onto the sample platform and close the lever arm of the FACS machine. 9. Initiate sample acquisition and run the sample for 3 min at around 1,000 events per second. 10. At the 40 s mark, quickly remove the tube and add the P2X7 agonist, either 1 mM ATP or 300 µM BzATP, and replace the tube to continue the acquisition. 11. While the first sample is recording, prepare the second sample with CaCl 2 and place it in 37 °C to allow sufficient time for the cells to warm up prior to analysis. Once the first sample has finished, clean the intake by running a water sample, and then the acquisition of the second sample can begin as described in steps 3.8 and 3.9. Always clean the intake between samples.
Measuring Pore Formation by Live-cell Flow Cytometry
1. Create a single-cell suspension as described in steps 1.16 and 1.17. Save a few milliliters of the old medium, use it to resuspend the cells at a concentration of 1 x 10 6 cells per 100 µL per FACS tube, and place it on ice until ready.
2. Prior to running the assay, add 900 µL of K + medium for a final volume of 1 mL and place the tubes in a 37 °C water bath for 10 min to recover. 3. If applicable, preincubate the cells with treatments, including the P2X7-specific inhibitors AZ10606120 (1 µM for 10-15 min) or A438079 (10 µM for 30 min). 4. Immediately prior to running the assay, add 25 µM ethidium bromide to the FACS tube; then, add the magnetic stirrer, place it on the FACS machine according to step 3.7, and begin the acquisition. NOTE: Ethidium bromide is toxic, and care must be taken when handling it. Dispose of used FACS tubes appropriately. 5. To induce the formation of pores in the cell membrane, add 1 mM ATP or 100 µM BzATP 40 s after the start of the acquisition. 6. Run the samples at around 1,000 events per second for 6 min. 7. While the first sample is running, take the second sample from the ice and place it in the 37 °C water bath to allow sufficient time for the cells to recover prior to the analysis. Once the first sample has finished with the acquisition, clean the intake by running a water sample; then, the second sample can be placed on the machine to begin recording as described in steps 3.8 and 3.9.
Measuring Phagocytosis by Live-cell Flow Cytometry
1. Create a single-cell suspension as described in steps 1.16 and 1.17. Resuspend the cells in conditioned medium and aliquot them into FACS tubes at a concentration of at least 1 x 10 6 cells per 100 µL per FACS tube. Dilute the cells to a final concentration of 1 x 10 6 cells/mL with Na + medium (e.g., add 900 µL of Na + medium) and place the cells on ice until the analysis is performed.
2. Use 1 µm of YG latex beads (microspheres) as phagocytic targets for real-time phagocytosis assays. NOTE: Other colors may also be substituted, but differently sized beads were found to be inadequate targets of phagocytosis No preincubation is required for 5% human serum. If treatments are added at approximately the same time, the samples can be run in reverse order while the others continue to incubate. For example, run the controls and serum first, then the ATP-treated sample, followed by cytochalasin D and PFA, and oxATP last.
5. Place the sample on the cytometer with the magnetic stirrer as described in steps 3.8 and 3.9 and, then, initiate sample acquisition. 6. Remove the sample tube from the machine 15-20 s after the start of the acquisition, and add 5 µL of undiluted YG beads. Return the sample FACS tube and continue the acquisition. Run the samples for 7-8 min at around 1,000 events/s. 7. While the first sample is running, take the second sample from the ice and place it in a 37 °C water bath to allow sufficient time for the cells to recover prior to analysis. Once the first sample is finished, clean the intake by running a water sample and, then, begin acquisition on the second sample as described in steps 3.8 and 3.9. 
Data Analysis
Phagocytosis by live-cell flow cytometry
Our group has previously demonstrated that extracellular ATP inhibits P2X7-mediated phagocytosis by dissociating the P2X7 C-terminus from the cytoskeleton, specifically, nonmuscle myosin IIA 18, 19 . This method expands on these findings to demonstrate P2X7 receptor involvement in phagocytosis by hippocampal and SVZ neural progenitor cells in real-time (Figure 4 , an example of hippocampal phagocytosis). Uninhibited phagocytosis (control) levels of 1 µm YG latex beads were established as the positive control. ATP inhibited the phagocytosis of YG beads to the same extent as the nonspecific inhibitors, namely PFA fixation and the actin polymerization inhibitor cytochalasin D, while 5% serum abolished all innate phagocytosis 20 . Discussion culture must be robust and reproducible. There are a number of key aspects to this protocol that may impact the quality of the endpoint culture. Once removed from the skull, the brain should not be allowed to dry and the dissection should be performed as quickly as possible. Particularly with the hippocampus, extra care taken to remove any blood vessels or membranous tissue will result in superior progenitor cell yields. The dissociation and trituration process can heavily impact the number of spheres obtained in a culture; agitating the tissue during the incubation with trypsin-EDTA will result in a more homogeneous solution. The use of a fire-polished glass pasture pipette over a P1000 plastic pipette tip is highly recommended to reduce cell death and improve the resulting culture. Avoid overtriturating. Despite these precautions, the procedure can create a lot of debris in the P0 culture, and to avoid losing progenitor cells, washing or feeding the culture should be avoided until spheres have formed.
A number of differences between the hippocampal and SVZ cultures will be obvious at P0. Hippocampal cultures yield fewer spheres, and these generally adhere. Use a pipette tip to gently lift off the spheres for the initial passage. Adherent spheres were not observed in subsequent passages. Different brands of tissue culture flasks may cause the spheres, particularly hippocampal spheres, to adhere and grow as colonies on the bottom of the dish. This was not found to alter any downstream results for this protocol but should be monitored, and consistency should be maintained where possible.
Previous methods used to measure P2X7 receptor function, such as patch clamping to record calcium influx, are time-consuming and laborious and may only provide information on a single cell. This protocol presents a rapid and reproducible method to analyze all three main functions of P2X7 receptors using one machine. Time-resolved live-cell flow cytometry allows for whole population analysis and provides the researcher with information regarding the kinetics of calcium influx, pore formation, and/or phagocytic function. In addition to this, flow cytometry can be easily used as a method for assessing marker expression patterns and population analysis based on cell size or protein expression levels.
When conducting these experiments, differences in maximal calcium influx, ethidium uptake, or phagocytosis rates may be observed between repeats. To minimize this, the sphere size, culture conditions, and feeding regime must be consistent as the health of the cells will have a significant impact on the results obtained. The time on ice can also influence the data, so ensure everything is prepared ahead of time so that the time on ice is minimal. Ensure that the calcium indicator dye loading time is consistent. Another factor that may lead to large inconsistencies in the maximal calcium recordings is the variation between ATP batches. The preparation of ATP stocks is crucial, and the use of different batches for the same experiments should be avoided. Comparing old and new batches to ensure the ATP is consistent is also recommended. The effectiveness of P2X7 antagonists may also be cell-line-and batch-dependent, so optimization of incubation times and concentrations may be required.
It is worth noting that calcium influx/efflux is one of the most fundamental and complex cellular functions and can be mediated by many receptors. The ATP-induced calcium influx, as a classic measurement for P2X7 channel/pore function, may not accurately reflect the true function of P2X7 receptors, as ATP may also activate P2Y receptors to release intracellular calcium. In this case, barium may be a better cation to use instead of calcium as its influx is unidirectional 16 . To differentiate the contribution from P2Y receptors in calcium influx, conditions where 1 mM EDTA or ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) is added to the K + medium instead of CaCl 2 may be used in this assay.
This protocol may also be easily adapted to suit other cell types and can be useful for investigating the functionality of alternate ion channel receptors or receptors that participate in phagocytosis. This method may also be adapted to a flow cytometry machine without a time module. As an example, phagocytosis assays may be performed where YG beads are added 7-8 min prior to the analysis by conventional flow cytometry.
Keep the cells at 37 °C and continuously swirl them. This will not provide real-time information but differences in the mean final fluorescence will still inform the researcher regarding the functionality of P2X7 receptors.
Interest in P2X7 receptors as a drug target 21, 22 or even as a drug delivery route 23, 24 is growing rapidly, and so methods to study this enigmatic receptor must be continuously adapted and improved upon to facilitate these studies. This protocol outlines methodologies that may be used to explore P2X7 function in adult neural progenitor cells, and it is hoped that achieving a greater understanding of P2X7 receptors in the neurogenic niches may lead to advancements in the treatment of stroke and other ischemic injuries.
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